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Class VI UIC Area of Review and Corrective Action 


This submission is for: 


      Project ID:    R06-LA-0002  


      Project Name:    Project Minerva  


      Current Project Phase:    Pre-Injection Prior to Construction  


 


Overview 


Simulator Used for AoR delineation modeling: Other 


Other Simulator: REVEAL 


Version Used: IPM V12.0 Reveal V9.5 


Simulator Description/Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-


13-2023-1257/GCS--AoR--CBI--1.pdf 


Description of File Contents: Complete user manual for Reveal V9.5 


Total Simulation Time From Start of Injection: 230 yrs 


Additional AoR Delineation Information: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-


04-13-2023-1257/GCS--AoR--CBI--2.pdf 


 


Model Domain 


Coordinate System: State Plane 


      Horizontal Datum: NAD27 


      Coordinate System Units: ft 


      Vertical Datum: Reference Elevation 


      Describe Vertical Datum: NAVD 88 


      Zone: Louisiana South 


      FIPSZONE: 1702   ADSZONE: 4051 


Mesh Type: Hexahedral Curvilinear 


Domain Size in Global Units Specified Above 


      Domain Coordinates File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-


1257/GCS--AoR--CBI--37.pdf 


Grid Size 


      Number of Nodes in    x: 239   y: 131   z: 52 


Grid Spacing: Variable 


Grid File Format: Eclipse Keyword File 


      Grid File Description: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-


1257/GCS--AoR--CBI--3.pdf 


      Eclipse Keyword File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-


1257/GCS--AoR--CBI--4.pdf 


Faults Modeled: Yes 


      Fault Coordinates File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-


1257/GCS--AoR--CBI--5.pdf 


Caprock Modeled: Yes 


Image File(s) for Model Domain Grid: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-


13-2023-1257/GCS--AoR--CBI--6.pdf 


 


Processes Modeled by Simulator 


Reservoir Conditions: 


Supercritical CO2 Conditions 


Phases Modeled: 


Aqueous   Supercritical CO2 


Aqueous Phase: 


      Phase Compressibility: Compressible 


             Compressibility Value: -999 1/psi 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--1.pdf
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      Phase Composition: Compositional 


      Aqueous Phase Components: 


             CO2   Water   Salt 


Supercritical CO2 Phase: 


      Phase Compressibility: Compressible 


      Phase Composition: Compositional 


      Supercritical CO2 Phase Components: 


             CO2   Methane 


Equation of State Description Including Reference: Please see CBI submission 


      File with EOS Reference or Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--7.pdf 


Multifluid Flow Processes: 


Advection   Buoyancy 


Non-wetting Fluid Trapping   Pore Compressibility 


Thermal Conditions: Non-Isothermal 


      File Describing Thermal Conductivity Function including Parameters: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B42THE--1.PDF 


      Heat Transport Processes: 


             Advection   Conduction 


Geochemistry Modeled: Yes 


      File Describing Geochemistry Modeling: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.4.3--Geochemistry_modelling--v5_Redacted.pdf 


Geomechanical/Structural Deformations Modeled: Yes 


      File Describing Geomechanical/Structural Modeling: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.4.4--Geomechanical_modelling--v5.pdf 


 


Rock Properties and Constitutive Relationships 


Porosity/Permeability Model 


Single Porosity 


Porosity Distribution: Heterogeneous 


Porosity included in Eclipse Keyword File: Yes 


Porosity Variable Name in Eclipse Keyword File: PORO 


      File Describing how Porosity was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-


0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.5.1--Porosity--Determination_Redacted.pdf 


          Image Files for Porosity Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--13.pdf 


Permeability Distribution: Heterogeneous 


Permeability included in Eclipse Keyword File: Yes 


Permeability Variable Name in Eclipse Keyword File: PERMX, PERMY, PERMZ 


      File Describing how Permeability was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-


LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.5.3--Permeability--Determination_Redacted.pdf 


          Image Files for Permeability Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--14.pdf 


      Number of Rock Types Modeled: 2 


          Description of Rock Type Selection and Assignment: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--15.pdf 


          Rock Type Distribution Data File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-


04-13-2023-1257/GCS--AoR--CBI--16.pdf 


          Image Files for Rock Type Distribution: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--17.pdf 


        Rock Type #1 


                Rock Compressibility: Pore 


                Rock Compressibility Distribution: Single Value 
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                      Compressibility Value: -999 1/psi 


                Compressibility included in Eclipse Keyword File: No 


                Constitutive Relationships 


                Aqueous Saturation vs. Capillary Pressure: Table 


                      Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-


0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B57AQU--1.PDF 


                Aqueous Trapped Gas Modeled: Yes 


                Hysteresis other than non-wetting fluid trapping: No 


                Aqueous Relative Permeability: Table 


                      Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.5.8--Gas--Aqueous--phase--real--perms--v5_Redacted.pdf 


                Hysteresis other than non-wetting fluid trapping: No 


                Gas Relative Permeability: Table 


                      Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.5.9--Gas--Aqueous--phase--real--perms--v5_Redacted.pdf 


                Hysteresis other than non-wetting fluid trapping: Yes 


                      File Providing Both Drainage and Imbibition Curves: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.5.10--Gas--Aqueous--phase--real--perms--v5_Redacted.pdf 


                Porosity and Permeability Reduction Due to Salt Precipitation 


        Rock Type #2 


                Rock Compressibility: Pore 


                Rock Compressibility Distribution: Single Value 


                      Compressibility Value: -999 1/Pa 


                Compressibility included in Eclipse Keyword File: No 


                Constitutive Relationships 


                Aqueous Saturation vs. Capillary Pressure: Table 


                      Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-


0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--60.pdf 


                Aqueous Trapped Gas Modeled: Yes 


                Hysteresis other than non-wetting fluid trapping: No 


                Aqueous Relative Permeability: Table 


                      Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--61.pdf 


                Hysteresis other than non-wetting fluid trapping: No 


                Gas Relative Permeability: Table 


                      Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--62.pdf 


                Hysteresis other than non-wetting fluid trapping: Yes 


                      File Providing Both Drainage and Imbibition Curves: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--63.pdf 


                Porosity and Permeability Reduction Due to Salt Precipitation 


 


Boundary Conditions 


      Attach Boundary Conditions Description File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.6.1--Boundary--Conditions--Description--v5_Redacted.pdf 


 


Initial Conditions 


Initial Phases in Domain:    Aqueous 


Initial Aqueous Pressure: Varying with Depth, Temperature, and Salinity 


Initial Aqueous Pressure: -999 psi   at Reference Elevation: -999 ft 


Initial Temperature: Varying with Depth 


      Initial Temperature: -999 C   at Reference Elevation: -999 m   Gradient: -999 deg C/m 


Initial Salinity: Spatially Constant 
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      Initial Salinity: -999 ppm 


 


Operational Information 


Number of Injection Wells: 4 


        Injection Well #1 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: -999 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 


                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.1--Fracture--


Gradient--and--Geomechanical_modelling_Redacted.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2020   Stop Date: 01/01/2050 


        Injection Well #2 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: -999 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 


                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.2--Fracture--


Gradient--and--Geomechanical_modelling_Redacted.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2020   Stop Date: 01/01/2050 


        Injection Well #3 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: -999 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.1--Fracture--Gradient--and--Geomechanical_modelling_Redacted.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.1--Fracture--Gradient--and--Geomechanical_modelling_Redacted.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.2--Fracture--Gradient--and--Geomechanical_modelling_Redacted.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.2--Fracture--Gradient--and--Geomechanical_modelling_Redacted.pdf





                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.3--Fracture--


Gradient--and--Geomechanical_modelling_Redacted.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2020   Stop Date: 01/01/2050 


        Injection Well #4 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: -999 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 


                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.4--Fracture--


Gradient--and--Geomechanical_modelling_Redacted.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: -999   Stop Date: -999 


Number of Production/Withdrawal Wells: 0 


 


Model Output/Results 


      Provide file name and corresponding spatial location for each file: Please see CBI submission 


      Time-Series File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-


1257/GCS--AoR--CBI--27.pdf 


      Provide file name and corresponding variable and time stamp for each file: Please see CBI submission 


      Snapshot File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/GCS-


-AoR--CBI--28.pdf 


      Provide file name and corresponding description of surface for each file: Please see CBI submission 


      Surface Flux File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-


1257/GCS--AoR--CBI--29.pdf 


      Sensitivity Analysis Description/Results: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--v3.pdf 


 


AoR Pressure Front Delineation 


Lowermost USDW: 


      Name of Lowermost USDW: PLIOCENE 


      Water Density: -999 kg/m^3   at Elevation: -999 ft 


             Location of Measurement for Density: -999 


      Temperature: -999 C   at Elevation: -999 ft 


             Location of Measurement: -999 


      Pressure: -999 psi   at Elevation: -999 m 


             Location of Measurement: -999 


      Salinity: -999 ppm   at Elevation: -999 m 


             Location of Measurement: -999 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.8.3--Fracture--Gradient--and--Geomechanical_modelling_Redacted.pdf
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https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--28.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--29.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--29.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--v3.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--v3.pdf





      Elevation of bottom of USDW: -999 ft 


Injection Zone: 


      Name of Injection Zone: Frio Formation 


      Water Density: -999 kg/m^3   at Elevation: -999 m 


             Location of Measurement: -999 


      Temperature: -999 C   at Elevation: -999 m 


             Location of Measurement: -999 


      Pressure: -999 psi   at Elevation: -999 m 


             Location of Measurement: -999 


      Salinity: -999 ppm   at Elevation: -999 m 


             Location of Measurement: -999 


      Elevation of top of Injection Zone: -999 ft 


Method of Estimating Critical Pressure: Dynamic Modeling 


      Describe Model Used: -999 


      File Describing Critical Pressure Estimation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.10.2--AoR--Pressure--Front--Delineation--v5_Redacted.pdf 


      Estimated Critical Pressure: -999 psi 


Delineated AoR: 


      Shapefile or KML File Showing Delineated AoR: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/GCS--AoR--CBI--32.pdf 


 


Corrective Action 


      File with Location of All Penetrations within AoR: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--64.pdf 


      File with Location of Wells Requiring Corrective Action: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/EPA--AoR--CBI--65.pdf 


      Supporting Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-04-13-


2023-1257/EPA--AoR--CBI--66.pdf 


 


Area of Review and Corrective Action Plan [40 CFR 146.82(a)(13) and 146.84(b) or applicable state
requirements] 


      Are you making an Area of Review and Corrective Action Plan submission at this time?: Yes 


Reason for Project Plan Submission: Permit application submission 


Project Plan Upload 


      Attach the Area of Review and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-04-13-2023-1257/B.12.1_AoR--Corrective--Action--Plan--Report--GSDT-----Rev--No.6--April--2023_Redacted.pdf 


Appendices and Supporting Materials Upload 


      Attach Any Supporting Documentation for the AoR and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-


0002/Phase1-PreConstruction/AoRModeling-04-13-2023-1257/B.12.2--AOR--SUPPLEMENT--FILES.zip 


 


Area of Review Reevaluation [40 CFR 146.84(e) or applicable state requirements] 


      Minimum fixed frequency of AoR reevaluation: 5 Years 


      Are you making an Area of Review reevaluation submission at this time?: No 


Reevaluation Background 


Reevaluation Materials 


          Please upload your amended AoR and Corrective Action Plan on the previous tab. 


 


Complete Submission 


Authorized submission made by: Benjamin Heard 


For confirmation a read-only copy of your submission will be emailed to:    jhodgson@gcscarbon.com 
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CBI claims.
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Reveal has geo-mechanical modelling capability, including fracture modelling, and uses a finite 
element grid for the fracture model, coupled to the finite difference pressure/fluid-flow model, and 
the displacement potential geo-mechanical model.  The input data is described in Section 2.2.16 
of this document. 


In describing the geomechanical options within Reveal, key parameters and variables are defined 
here. 


• In a fluid body (gas or liquid), collisions between the particles making up the fluid generate
forces between the colliding particles.  If a plane of material is submerged into the fluid, it
too will experience a force acting on it.  This force would be the sum total of all the forces
generated by the collisions between the surface and the particles of the fluid.  Dividing the
total force by the size of the area of the material gives the average force per unit area.  In a
fluid this average force per unit area is independent of the orientation of the material; it
experiences the same force no matter how it is rotated.  In a fluid, the force per unit area
exerted on a material, or within the fluid itself, is the fluid’s pressure, P.  It is a scalar
quantity; it has magnitude (size) only; it requires no direction to be associated with it to
define it.


• In a solid, however, the force per unit area exerted on an imaginary plane within the solid
may differ with the orientation of the plane.  This directional force per unit area is called
stress.  To define a stress in a solid completely requires that it is represented as a tensor
(Timoshenko and Goodier, 1970).


The physical reason why stress is not a simpler vector quantity is that the force within a
solid may have not only components parallel (compressive or tensile) to the X-, Y- and Z- 
axes (the principal axes) but also twisting, rotational or shearing components along the
XY-, XZ- and YZ- axes, and in their opposite directions YX-, ZX- and ZY-.


The different components of stress within a solid can be represented as:


𝜎𝜎 = �
𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥
𝜎𝜎𝑦𝑦𝑦𝑦 𝜎𝜎𝑦𝑦𝑦𝑦 𝜎𝜎𝑦𝑦𝑦𝑦
𝜎𝜎𝑧𝑧𝑧𝑧 𝜎𝜎𝑧𝑧𝑧𝑧 𝜎𝜎𝑧𝑧𝑧𝑧


� Eqn (2.1.2.11) 


Here, σxx, σyy and σzz are the compressive or tensile stresses, and σxy, σxz, σyx, σyz, σzx, and σzy 
are the shear stresses.  The tensor 𝜎𝜎 represents the stress in the solid.  Each component has 
units of psi.  In rocks, the tensor is symmetric, that is, σxy = σyx, σxz = σzx, and σzy = σyz.  So, 
there are six independent components which together define the stress state of the rock. 


• Strain is the amount of deformation caused by the action of stress (or combination of
stresses) on a body.  It is defined as being the change in size and shape of a body (here the
rock) resulting from the action of an applied stress field.  Strain can be manifested as a
rotation and/or distortion (change in body shape) and/or a dilation (change in volume).


The material in this document is duplicative of the contents of AoR Section 2.1.2, beginning at page 
19. Please refer to the redacted version of the complete AoR provided via the ShareFile for tailored 
CBI claims.
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As the strain results from the application of stress, there is a direct relationship between the 
two which depends on the mechanical properties of the material (here the rock).  For the 
purposes of this document, only perfectly elastic behavior is considered, that is, when the 
applied stress is released, the rock springs back to its original (pre-applied stress) state.  
This is Hook’s Law.  It is: 


    𝜀𝜀  =  𝜎𝜎 /𝐸𝐸   Eqn (2.1.2.12) 


Here, E is Young’s modulus (units of psi) and 𝜀𝜀 is the strain tensor (Timoshenko and 
Goodier, 1970) and which is symmetric like the stress tensor.  The components of 𝜀𝜀  are 
fractional changes in extension of the body parallel to a given principal co-ordinate or, in 
shear, along a rotational axis (dimensionless units).  The larger the value of Young’s 
modulus, the less deformation will occur per unit of applied stress (the stronger the rock).  
This linear relationship is assumed for all geomechanical properties in the model; no plastic 
(non-linear) relationship between stress and strain is allowed (with the exception of 
modelling fractures where this occurs). 
 


• Effective stress is defined as the total stress (stress in the absence of pressure) minus the 
fluid pressure: 


σeff = σtotal – P    Eqn (2.2.13) 


If the effective stress is positive, the system is said to be in a compressive state.  The total 
stress (the applied force that tends to keep, for example, fractures closed) is higher than the 
pore pressure (which, in the fracture, tends to open the fracture) and the fracture cannot 
open or propagate when the system is in a compressive state. 
 
If the effective stress is negative, the system is in a tensile state.  The total stress is lower 
than the pore pressure, and there is a tendency, for example, for a fracture to open and/or 
propagate.  The stresses reported from the output of Reveal in this document are effective 
stresses unless stated otherwise (units are psi), although the input stresses are total stresses.  
Physically, the solid grains of the rock bears the effective stress, σeff , rather than the total 
external stress, σtotal. 
 
However, the rock is not a homogeneous material but a matrix composed of a mixture of 
grains cemented together with connected pores.  The rock itself may deform internally by 
the movement and rearrangement of the framework composed of individual grains to 
accommodate the applied stress.  The part of the total stress not borne by the solid grains 
is carried by the fluid and by the internal rearrangement of the granular components of the 
rock.   
 
The stress carried by the fluid is BoP, where Bo is the Biot coefficient, and the part carried 
by the internal rearrangement of the grains is (1 – Bo)P. 
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The Biot coefficient has a theoretical range (Fjaer et al., 2008): 
 
    φ < Bo ≤ 1   (2.2.14) 
Here, φ is the porosity. 
 
The Biot coefficient is given by (Fjaer et al., 2008): 
 
    Bo = 1 – (Kfr/Ks)  Eqn (2.2.15) 
 
Here, Kfr is the bulk modulus of the framework and Ks is the bulk modulus of the grains.  
The bulk modulus of a material is the relative (fractional) change in the volume of the 
material produced by a unit compressive (or tensile) stress acting uniformly over its 
surface.  Kfr is always smaller than Ks.  Theoretically (Fjaer et al., 2008), the upper limit 
for Kfr is (1-φ)Ks. 
 
Equation 2.2.13 then becomes: 
 


    σeff = σtotal – BoP    Eqn (2.2.16) 
 


• Poisson’s ratio (ν) determines the lateral displacement that a solid will exhibit to 
accommodate a change in volume.  For example, when a material is stretched in one 
direction, it tends to get thinner in the other two directions.   


Poisson’s ratio is the ratio of relative contraction strain (i.e., at right angles to the applied 
stress) divided by the relative extension strain (i.e., in the direction of the applied stress).  
The units are dimensionless.  For a perfectly incompressible material (the volume is 
constant), Poisson’s ratio is 0.5.  For an infinitely compressible material, Poisson’s ratio is 
zero. 


• The poro-elastic stress coefficient (PEC) (units are dimensionless) is  


    PEC = αp E /(1- ν)    Eqn (2.1.2.17) 
 


Where αp is the linear poro-elastic expansion coefficient (units are psi-1).  The equation for 
αp is: 
   αp = Bo (1 - 2ν) / E    Eqn (2.1.2.18) 
 
If a thin core of rock is constrained at the ends so that it cannot change its length, a stress 
will occur when the fluid pressure changes (Fjaer et al., 2008).  For a pressure change of 
ΔP psi, the induced stress, σ, along the core, is:  


  σ = αp E /(1- ν) ΔP = PEC ΔP psi    Eqn (2.1.2.19) 


• The thermo-elastic stress coefficient (TEC) (units are psi oF-1 (psi oC-1)) is  
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TEC = αT E /(1- ν)    Eqn (2.1.2.20) 


Here, αT is the coefficient of linear expansion (units are oF-1 (oC-1)). 


If a thin core of rock is constrained at the ends so that it cannot change its length, a thermal 
stress will occur when the temperature changes (Fjaer et al., 2008).  For a temperature 
change of ΔT oF (oC), the thermally induced stress, σ, along the core, is:  


   σ = αT E /(1- ν) ΔT = TEC ΔT psi   Eqn (2.1.2.21) 


Putting equations (2.1.2.18) and (2.1.2.19) together, the induced stress in a thin core of 
rock along its long axis, σ, caused by a change in temperature, ΔT, and a change in pressure 
ΔP, would be: 


   σ = PEC ΔP + TEC ΔT psi   Eqn (2.1.2.22) 


In Reveal, the stress field tensor within the grid is calculated at any time step from the current 
temperature and pressure distribution, the initial stress distribution, and the poro-elastic and 
thermo-elastic coefficients.   
 
The stress-strain relationships for fluid saturated porous media are identical to the ones of non-
porous media, provided that they are expressed in terms of the effective stress as dictated by the 
principle of effective stress.  This can be represented as (Fjaer et al., 2008) for example: 
 


εij = [(1 + ν)/ E] σeff,ij – (ν/ E) σeff,kk δij   Eqn (2.1.2.23) 
 
Here,  
    σeff,ij = σtotal,ij – BoP δij    Eqn (2.1.2.24) 
   
The εij are the components of the strain tensor (equation 2.1.2.12) and the stresses σeff,ij are the 
components of the effective stress tensor, applied on the rock grains.  The Krӧnecker delta, δij, 
has the following properties: 
 
    δij = 0 if i ≠ j; else δij = 1, if i = j.                     Eqn (2.1.2.25) 
 
Essentially, the Krӧnecker delta knocks out any off-diagonal term in the tensor that it multiplies 
but leaves in any on-diagonal term it multiplies in equation (2.1.2.13).  In equation (2.1.2.24), it 
removes the pressure, P, from the off-diagonal elements of the effective stress tensor. 
 
If there is a change of temperature in the grid, ΔT, then an additional term is added to equation 
(2.1.2.24) to account for the induced thermal stress, σij,T.  This term is: 
 


 σ ij,T = - TEC ΔT δij   Eqn (2.1.2.26) 
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In Reveal, a system equivalent to equation (2.1.2.24) is solved.  The displacement (change in 
strain), γ, is calculated from the displacement potential.  The displacement potential, χ, 
(Timoshemko and Goodier, 1970, pg.240) is first calculated over the entire finite difference grid.   
 
The equation is, (Reveal User Guide, Section 2.3.14.1): 
 
  (K – 2/3 G) dεV + 2G∇2χ = -(ApΔP + ATΔT)(1-ν)/(1-2ν) Eqn (2.1.2.27) 
 
Here,  
   K = E / (3(1-2ν)  and G = E / (2(1+ν)                        Eqn (2.1.2.28) 
 
K is the bulk modulus (units are psi) and G is the shear modulus (units are psi), two of the Lamé 
parameters, and the displacement in the i’th direction (i = x, y, z), is 
 
    γi = ∂χ/∂xi     Eqn (2.1.2.29) 
 
The volumetric strain, dεV is: 
    dεV = ∂2χ/∂x2 + ∂2χ/∂y2 + ∂2χ/∂z2               Eqn (2.1.2.30) 
     
 
The change in strain and stress within the grid is then calculated in the y-direction, for example, as 
(Reveal User Guide, Section 2.3.14.1) : 
 
    Δεy = γy = ∂χ/∂y         Eqn (2.1.2.31) 
and 


Δσyy = (K – 2/3 G) dεV + 2G ∂2χ/∂y2 + (ApΔP + ATΔT)(1-ν)/(1-2ν) Eqn (2.1.2.32) 
 
The linear system of equations (2.1.2.32) is solved in Reveal over all the grid cells.  It is coupled 
to the pressure/fluid-flow equations (2.1.2.7) through the pressure P, and the heat flow equation 
(2.1.2.10) through the temperature T.  At the end of the time step, when P is known, T is calculated, 
and then the stresses. 
 
The boundary conditions for the displacement potential equations, (2.1.2.32) are zero strain on all 
boundaries (a Dirichlet-type condition) with the exception of the top surface the grid, where the 
boundary condition is free displacement in response to the imposed total vertical stress caused by 
the weight of the overburden (Gutierrez et al., 2001). 
 
In addition to the imposed boundary conditions, the total stress is defined to be constant 
everywhere within the grid (zero change in total stress).  The total stress applied externally to the 
grid is only in the vertical direction and caused by the weight of the overburden, calculated from 
an analytical model as a function of the depth of the overburden.  This applied stress remains 
constant in time.  This is the loading condition or, in geomechanics, the stress path.  This is an 
oedometric model (Gutierrez et al, 2001). 
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The applied stress within the grid, imposed by the weight of the overburden, induces stresses in 
the grid and hence displacements within the grid.   
 
These assumptions decouple the geomechanical equations (2.1.2.23) from the pressure/fluid-flow 
equations (2.1.2.7), It ignores the change in porosity caused by the stresses and hence the related 
changes in pore pressure, (Gutierrez et al, 2001). 
The geo-mechanical response of the Injection Zone and the Confining Zone is important in 
assessing: the risk of thermal fracturing in the Injection Zone (Upper Frio Formation); the risk of 
reactivating faults within the Injection Zone; and the risk to the mechanical integrity of the 
Confining Zone.  
 
The temperature of the CO2 at the injection well tubing heads is assumed to be 77 oF ± 27 oF (25 
oC ± 15 oC).  Although there may be some heating of the injected CO2 as it descends through the 
wellbore initially, this effect is small because the residence time in the wellbore is low, and the 
temperature of the CO2 at the bottom-hole is close to its tubing head value. 
 
The formation temperature at typical injection depths (~ 10,000 ft TVDSS) is about 200 oF (95 
oC).  The difference in temperature between the cooler CO2 and the formation is therefore 120 oF 
(70 oC), initially.  As time passes, the formation will be cooled around the wellbore and this 
difference in temperature will fall. 
 
The effect of the cooling injected fluid will be to reduce the effective stress at the wellbore.  The 
risk is that the reduction in effective stress may be sufficient to cause localized fracturing in the 
vicinity of the wellbore.  If the fractures (should they occur) are small and remain within the 
Injection Zone, they may be of benefit because they would increase the injectivity of the well.  If 
the fractures are very large, they may extend to the Confining Zone. 
 
Changes in the effective geomechanical stress within the Injection Zone may be sufficient to 
reactivate closed faults, depending on their orientation and the stress change. 
 
Lastly, although it is very unlikely, there may be a risk that changes in stress within the Confining 
Zone might cause it to fracture, reducing its effectiveness as a seal. 
 
To assess these risks, use was made of the fracture option within Reveal.  Reveal uses a finite 
element grid which is coincident with the finite difference grid for the fluid pressure and fluid flow 
calculations to represent the fracture volume.  This grid is generated automatically.  The stress is 
calculated as a function of the in-situ stress, temperature, pressure, Poisson’s ratio, Young’s 
modulus and the poro- and thermo-elastic coefficients. 
 
Reveal also has a fracture model, where it is possible to investigate the possibility of fracture 
initiation and growth geometry within a dynamically coupled reservoir and well bore system. 
 
To make the geomechanical calculations in Reveal, a complete geo-mechanical data set was 
required.  
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In the absence of measured local data, we used published sources (Meckel et al., 2017, Nicholson, 
2012 and Zobeck, 1980) to set the orientation of the principal horizontal stresses.  These were set 
to 54.1o for the maximum horizontal stress and 324.1o for the minimum horizontal stress, Figure 
52 (Nicholson, 2012). 
  
These were determined using regional fault-strike statistics.  (Nicholson, 2012) calculated the 
average fault strike for 297 faults or fault segments, which was 54.1o, roughly parallel to the 
coastline and in agreement with onshore values for the maximum horizontal stress azimuth found 
by (Zobeck, 1980), Figure 2.2.16.1-1. 
 
As reported below, there is significant uncertainty in the magnitudes of the principal stresses, 
particularly the horizontal stresses. 


1.1.1.1 Total Vertical Stress (σv, units = psi) 
The most-likely total overburden stress, Sv, for normal-fault stress regimes is assumed to be an 
average of 1.0 psi/ft (Nicholson, 2012).  This is equivalent to the lithostatic pressure exerted by 
rock with an average density of 2.3 g/cm3. 
 
(Hovorka et al., 2018) (Meckel et al., 2017, p32) assumed a value of 1.0 psi/ft.  This data was used 
for studies of the Lower Miocene in the Texas Gulf of Mexico. 
 
This compares with a value of 0.9 psi/ft (from the density log) reported by (Ramos et al., 1994).  
(Ramos et al., 1994) derived values for the principal horizontal stress gradients from an 
unconventional differential strain curve analysis (DSCA).  The rock samples were poorly 
consolidated, and this prevented a conventional DSCA.  
 
Based on these two pieces of data, the uncertainty range in the total vertical stress gradient is 
estimated to be approximately ± 0.1 psi/ft. 
 


1.1.1.2 Total Minimum Horizontal Stress (Sh,min, units = psi) 
(Nicholson, 2012) assumed a value of 85% of Sv.  This value is consistent with work published by 
(Engelder and Leftwich, 1997).  (Meckel et al., 2017, p34) who assumed a value of 0.85 psi/ft 
(85% of 1 psi/ft for the vertical stress gradient). 
 
The most-likely value of the minimum horizontal stress gradient is assumed to be 0.85 psi/ft. 
 
(Ramos et al., 1994) reported a value of 0.74 * 0.9 psi/ft = 0.66 psi/ft. Based on this data, the 
uncertainty range in the total minimum horizontal stress gradient is estimated to be approximately 
± 0.15 psi/ft. 
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1.1.1.3 Total Maximum Horizontal Stress (Sh,max, units = psi) 
A value equal to the average of the gradients of the total vertical and minimum horizontal stresses 
was taken, 0.93 psi/ft (to 2 decimal places), with an uncertainty range of ± 0.07 psi/ft.  
 
The estimate of the uncertainty is the range between the most-likely total vertical and minimum 
horizontal stress gradients.  
 
(Ramos et al., 1994) reported a value of 0.81 * 0.9 psi/ft = 0.73 psi/ft from six DSCAs, so the 
estimated uncertainty range be under-estimating the error.  It is half the error estimated for the total 
minimum horizontal stress.  This is because of the extra “information” carried by constraining the 
expected value to lie between the total vertical and minimum horizontal stress gradients. 
 


1.1.1.4 Biot Coefficient (dimensionless) 
(Zheng et al., 2019) reported a value of 0.944 (± 0.056), in the effective stress range 3.5 – 7 MPa 
(500 – 1000 psi).  (Ramos et al., 1994) assumed a value of 1.0. A value of 1.0 was assumed for the 
Reveal model.  The uncertainty range is approximately ± 0.06, assumed from (Zheng et al., 2019). 
 


1.1.1.5 Poisson’s ratio (dimensionless) 
This is taken from (Zheng et al., 2019, Figure 3), partly reproduced below, Figure 2.2.16.5-1. 
 
Poisson’s ratio and its uncertainty range were set to the unloading process values with an average 
of 0.23 ± 0.04.  (Ramos et al., 1994) reported an average core value of 0.21, based on static tests. 
 


1.1.1.6 Young’s modulus (units = psi) 
This was taken from (Zheng et al., 2019, Figure 3) partly reproduced in Figure 2.2.16.5-1.  Young’s 
modulus and its uncertainty range were set to the unloading process values with an average of 0.8 
± 0.07 x106 psi (5.5 ± 0.5 GPa). 
 
(Ramos et al., 1994) measured a value of 1.7 GPa, and with a cohesive (shear) strength of less than 
3.4 MPa (500 psi).  It was also noted that the elastic moduli of the sandstones were about twice 
that of the shale but that the shear strength of the shale was about twice that of the sandstone.  
 


1.1.1.7 Cohesion, C (dimensionless) 
This was assumed to be zero, (Meckel et al., 2017), with no uncertainty range. 
 


1.1.1.8 Coefficient of friction (dimensionless) 
This was set to 0.6, (Meckel et al., 2017).  No uncertainty range was defined. 
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1.1.1.9 Linear thermal expansion coefficients, poro-elastic and thermo-elastic stress coefficients  
 
Figure 2.2.16.9-1 is taken from the Petroleum Experts’ Reveal manual and shows the definitions 
of the poro-elastic and thermo-elastic stress coefficients used in the simulation model.  Data 
defined above was used to calculate the poro-elastic coefficient and the thermo-elastic coefficient. 
 
The linear poro-elastic expansion coefficient is calculated from the Biot coefficient, Young’s 
modulus and Poisson’s ratio (equation 2.1.18). The most-likely value is 6.9E-7 psi-1. 
 
The linear thermo-elastic expansion coefficient is the default value in the simulation model of 
2.16E-5 oC-1. 
 
The poro-elastic coefficient translates the effect of fluid pressure to the reservoir stress field as ΔS 
~ ∂S/∂P * ΔP, where ΔS is the change in stress, ∂S/∂P is the poro-elastic coefficient and ΔP is the 
change in pressure.  The expected value of the poro-elastic coefficient is 4.86E-6 (with pressure 
units of psi). 
 
The thermo-elastic coefficient translates the effect of temperature to the reservoir stress field, as 
ΔS ~ ∂S/∂T * ΔT, where ΔS is the change in stress, ∂S/∂T is the thermo-elastic coefficient and ΔT 
is the change in temperature.  The expected value of the thermo-elastic coefficient is 22.4 psi oC -


1.  
 
Table 2.2.16.9-1 summarizes the geomechanical data used in the simulation model. 
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